Viral hemorrhagic fever (VHF) refers to a group of diseases characterized by an acute febrile syndrome with hemorrhagic manifestations and high mortality rates caused by several families of viruses that affect humans and animals.
Background
Viral hemorrhagic fever (VHF) refers to a group of emerging diseases characterized by acute febrile syndromes with vascular damages, hemorrhagic manifestations, and high mortality rates [1] . Some VHF agents could cause an outbreak of a febrile illness in 2 to 21 days after infection. Specific signs and symptoms vary according to the infecting virus, but initial signs and symptoms often include noticeable fever, fatigue, dizziness, muscle aches, loss of strength, vomiting, and diarrhea [2] . Coagulation defects can lead to more severe clinical symptoms that include bleeding under the skin, causing petechiae, and sometimes conjunctivitis in the eye. Bleeding may also occur in internal organs and from orifices. Despite widespread bleeding, blood loss is rarely the cause of the death [2] . VHFs may also induce thoracic manifestations, including pleural effusion, pneumonia, pulmonary hemorrhage and hemoptysis, acute respiratory distress syndrome, and uncommon manifestations such as acute kidney injury [3, 4] .
The VHFs include infections caused by viruses of the families Flaviviridae (dengue fever, yellow fever, Omsk hemorrhagic fever, Kyasanur Forest disease, Alkhurma hemorrhagic fever [AHF] ), Bunyaviridae (Crimean-Congo hemorrhagic fever [CCHF] , Rift Valley fever [RVF] , and Hantavirus diseases), Arenaviridae (Argentine, Bolivian, Brazilian, and Venezuelan hemorrhagic fevers and Lassa fever), and Filoviridae (Ebola and Marburg hemorrhagic fevers) [5] . These diseases are all caused by RNA viruses enveloped in a lipid bilayer coating derived from the host cell membrane [2] . The persistence of these viruses in nature depends on a natural reservoir host, which is an animal or an insect. Some of these viruses may be transmitted from person to person (Lassa, Crimean Congo hemorrhagic fever, Ebola, Marburg, and several other viruses) by direct contact with blood or other body fluids of infected patients [2] .
Confirmation of viral etiology is guided by the epidemiological setting simultaneously with research for other microbial or parasitic agents causing hemorrhagic fever syndromes. These diseases are typically endemic in certain geographical regions and sometimes cause major outbreaks [5] . The history of hemorrhagic fever in the Arabian Peninsula refers to the 19th century and the first recorded outbreak of a dengue-like disease, which occurred from 1870 to 1873 [6] [7] [8] . After the mid-1990s, the reported outbreaks in the Arabian Peninsula raised the possibility of widespread emergence of VHFs in the region [9] . Most recorded outbreaks were in the Tihamah region-the Red Sea coastal plain of the Arabian Peninsula in the west and southwest of Saudi Arabia and Yemen, and the frequency of such outbreaks has risen enormously in the last two decades [10, 11] .
In this review, we outline the situation of VHFs in the Tihamah region of both countries and describe the causative agents and their epidemiology in the region. We discuss the history of the diseases, their transmission, species affected, and clinical signs.
Finally, we address the challenges of the diagnosis and control measures for VHFs in this region to draw the attention of public health authorities in both countries and international health organizations to the alarming situation of VHFs and their dissemination in the region and to stimulate a prompt action towards the management of VHFs in Tihamah.
Methodology
A literature review was conducted by the authors in December 2015 using electronic databases, including Pubmed/Medline, Science Direct, Google, and Google Scholar. Peer-reviewed literature from 1984 to 2016 was retrieved based on the following keywords: "hemorrhagic fever," ''Tihamah" or "Tihama," and "hemorrhagic fever in Saudi Arabia, Yemen, and Arabian Peninsula." Databases from the World Health Organization (WHO, http://www.who.int) and a report from the electronic disease early warning system in Yemen (eDEWS) were also consulted. For the demographic features of Tihamah, the authors referred to the latest census reports of the General Authority for Statistics in Saudi Arabia and the Central Statistical Organization of Yemen [12, 13] .
Only one publication in French was included, while all others are in English. A total of 59 references were reviewed to figure out our conclusion.
Geographic, climatic and demographic features of Tihamah
Tihamah or Tihama refers to the Red Sea coastal plain of the Arabian Peninsula. The region contains two parts: Tihamah of Al-Hejaz (northern part) and Tihamah Asir, extending to the southern part of the peninsula and reach to Bab el Mandeb in Yemen (Fig 1) .
The plain is constricted and extents its greatest widths (60 to 80 km) in the south of Medina and Mecca. The region consists of low hillocks adjoining the north-south Sarawat mountain chain and includes valleys that emerge from the mountains [14] . The Tihamah of Saudi Arabia includes five main regions: small parts of Medina, Mecca, Al Bahah, Asir, and the whole part of Jizan. Each region is divided into a number of governorates and districts, many of them are vastly interconnected with other adjoining regions. In Yemen, three main governorates are within the Tihamah region, which includes small parts of both Hajah and Taiz and the whole city of Hodiedah. Each governorate is divided into different districts (Table 1) . Hodeidah is the largest Tihami part and it includes 26 districts.
Due to the availability of water sources for cultivation over the last three centuries, the Tihamah ecological habitat has undergone extensive agricultural development. These changes have a direct impact on the environment, making it more favorable for the virus' mosquito vectors [14] . The current methods of irrigation in the region depend mainly on the spate flow, and together with the rainfall, this results in many large and small water pools suitable as breeding sites for certain mosquito species and increases the transmission of viral agents [14] . The climate of the Tihamah region is hot, windy, and tropical arid to semiarid. Average temperatures range from 24˚C in the winter to more than 35˚C in the summer. Rainfall varies from 50 mm in the arid coastal strip to about 350 mm near the foothills, and the evaporation is high (2,400-3,000 mm) and relative humidity is very high, especially during the night and morning, varying from 50% to 70% [15] .
The population of Tihamah is one of the highest regions in the Arabian Peninsula, with population density reaching to 215.5 per km2 (in Hodeidah). The total population of the Tihamah part in Saudi Arabia is around 8,211,605, according to the reports of the 2010 census of the General Authority for Statistics in Saudi Arabia; however, the population density varies in the main five regions (Table 1 ). In Yemen, the population of Tihamah is estimated by the Central Statistical Organization of Yemen to be 4,114,942 in 2013, and its population density is the highest among all the other regions of Tihamah [12, 13] .
The region also has different seaports: Jeddah (in the region of Mecca), Jizan, and Hodeidah. Tihamah is an important trade route from Asia to Africa and there is a remarkable African influence in the region. The rural economy depends mainly on agriculture and pastoralism, which represent the potential food security in both countries [15] .
The lawlessness on Yemeni borders increased the number of African refugees coming from African horn countries. Moreover, the current war in Yemen raised the number of Yemeni refugees from other regions.
Hemorrhagic fever viruses circulating in Tihamah
Several cases and outbreaks caused by viruses of the families Flaviviridae and Bunyaviridae have been recorded in the Arabian Peninsula, but there is no evidence for the presence of Arenaviridae and Filoviridae species in this region. The most common viruses in western Saudi Arabia are dengue, Rift Valley fever, Alkhurma hemorrhagic fever, and Crimean-Congo hemorrhagic fever viruses (CCHFV) [16] . In Yemen, the only described viruses are dengue and Rift Valley fever viruses. Here, we highlight the documented viruses in Tihamah. *The population density for the whole region is considered.
Dengue virus
Dengue is the most common arbovirus infection that belongs to the family Flaviviridae, genus Flavivirus, and can be transmitted by the bite of infective female mosquitoes of the species Aedes aegypti and, to a lesser extent, A. albopictus [17] . There are four serotypes dengue virus (DENV1-4), but infection with one of them does not provide cross-protective immunity against the other serotypes [17] [18] [19] .
After an incubation period of two to five days, dengue virus may cause a mild flu-like illness or quickly progresses to serious dengue hemorrhagic fever-dengue shock syndrome [20, 21] .
Alarmingly, the incidence of dengue fever increased dramatically between 1990 and 2013, from 8.3 million cases in 1990 to 58.4 million cases in 2013 [22] .
The history of dengue-like virus in Arabian peninsula dates back to 1870-1873 during an outbreak in Tanzania when the diseases known as dinga, dyenga, or dengue, then spread to several countries in East Africa, Saudi Arabia (Jeddah, Mecca, and Medina), and Yemen (Aden) [8] . A new pandemic was recorded in Yemen from 1907 to 1913 and from 1920 to 1926 in Aden [8, 23] .
In 1954, an epidemic of dengue affected 98% of inhabitants in Hodeidah, Yemen [7, 8] . The first serological confirmation from Hodeidah was in 1984, when a traveler returning from Yemen to the United States was serologically diagnosed with dengue [24] . Currently, dengue outbreaks have been documented in Saudi Arabia, mainly in Jeddah (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) and Mecca (2004) and in Yemen (2000 Yemen ( -2006 [20, [25] [26] [27] [28] .
Most recently, an Italian patient who had returned from Yemen to Italy in 2010 was confirmed to have dengue virus infection due to serotype DENV3 [29] . The endemicity of this disease is also confirmed in the south-western part of Saudi Arabia, mainly in Jizan and Asir [30, 31] .
In 2012, an outbreak reported the cocirculation of dengue virus and Chikungunya virus (CHIKV) in different districts of Hodeidah governorate. The predominant serotype was DENV2 [10, 32] . Dengue fever and dengue hemorrhagic fever are frequent public health problems in both countries and the most frequently isolated serotypes in the region are DENV1-3 [9, 26] .
Alkhurma hemorrhagic fever virus
Alkhurma hemorrhagic fever virus (AHFV) is a tick-borne encephalitis Flavivirus (family: Flaviviridae) that can be transmitted by the bite of soft Ornithodoros savigni and hard Hyalomma dromedarii ticks collected from camels and sheep [33] . It was first isolated in Saudi Arabia and described as a unique viral agent of Arabian Peninsula [6, 34] . Significantly, AHFV shares a high similarity with Kyasanur Forest disease virus, which was isolated in India [35] .
After an incubation period of two to four days, the disease presents initially with nonspecific influenza like symptoms, including fever, anorexia, malaise, diarrhea, and vomiting. A second phase includes neurologic and hemorrhagic symptoms in severe form. Multiorgan failure leads to fatal outcomes. AHF is a zoonotic disease and clinical cases have been attributed to exposure to livestock (camels and sheep), but AHFV is not isolated yet from such animals [34] .
It was isolated in 1995 in Jeddah from six patients in Alkhurma district [36] . Since its first description, several hundred cases of AHF have been reported in different western Saudi governorates with cases peaking in spring and summer [35] . Najran is an agricultural zone with emphasis on livestock farming, suggesting that cases may have arisen from contact with animals [33] . A second possibility could be the improved surveillance in this region compared to other regions such as Mecca, Jizan, Taif, and Asir, which have similar agricultural conditions [33] .
There are no reported cases of AHF in Yemen, but due to the large geographic range of the tick vector, it is expected that the distribution of the virus is expanding, with likely undetected human cases in Yemen [35] . In 2010, the virus was detected in two Italian travelers coming from the southern part of Egypt, which affirms an overseas expansion of geographic distribution of AHFV [39] .
Crimean-Congo hemorrhagic fever virus
CCHF is caused by infection with a tick-borne virus Nairovirus within the family Bunyaviridae. It is the most widespread tick-borne viral infection of humans and the second most widespread of all medically important arboviruses after dengue viruses. CCHFV causes a subclinical disease in most livestock species and is maintained in the herds through the bite of ixodid ticks of the genus Hyalomma [40] .
The length of the incubation period depends on the mode of transmission of the virus. If the infection is influenced by a tick bite, the incubation period is usually one to five days. The incubation period following contact with infected blood or tissues is usually 5-7 days, with a documented maximum of 13 days [40, 41] .
The first signs of disease are not specific (prehemorrhagic phase). The hemorrhagic phase is characterized by a petechial rash of the skin, conjunctiva, and other mucous membranes, which progresses to bleeding from the gastrointestinal and urinary tracts. Hepato-and splenomegaly are common. As a result of hemorrhage, multiorgan failure and shock can occur [40] .
CCHF virus was first recognized in Crimea in southeastern Europe on the northern coast of the Black Sea after the Nazi invasion in the mid-1940s and named Crimean hemorrhagic fever [41, 42] . Then, it was isolated in Congo (present Democratic Republic of the Congo) in 1969, thus resulting in the name of the disease. Currently, CCHF is endemic in many countries in Africa, Europe, and Asia [43] .
Outbreaks of CCHF have also been reported in western Saudi Arabia (1989-1990) [20, 44] . It was suspected that the CCHF virus was introduced to Saudi Arabia by infected ticks on imported livestock (camels, cattle, sheep, goats, and buffaloes), arriving to the Jeddah seaport. The main risk factor was the exposure to the blood or tissue of livestock in abattoirs, but not tick bites [44] . In 1997, a serosurvey for CCHF antibody was conducted on humans and imported livestock in Saudi Arabia and clearly showed that Sudanese small ruminants exhibited the highest antibody prevalence among all imported livestock (4.25%) [45] . An isolation trails from ticks on Sudanese sheep arrived to Jeddah via the seaport in 1995 demonstrated the presence of CCHF virus in some of those ticks [46] .
The CCHF is related to the scarification during the Eid-al-Adha feast with lack of controlling livestock movements in and between countries [47] . Despite the proximity between Yemen, Saudi Arabia, and the African horn, there are no registered cases of CCHF in Yemen neither in human nor animals.
Rift Valley fever virus
RVF is a vector-borne zoonotic disease caused by a Phlebovirus (family Bunyaviridae) [48] . RVF virus is transmitted by Culex and A. aegypti mosquitoes, resulting in large epizootics in livestock, which causes abortion in pregnant ruminants and rapid death in neonates [49] . Humans are incidentally infected when they are bitten by infected mosquitoes, come into contact with aborted or infected animal tissues, or drink unpasteurized milk. It is also a potential bioterrorism agent [49] . Humans suffering from RVF experience influenza-like symptoms that after the initial febrile stage, in some cases, can develop into hemorrhagic fever, encephalitis, and death [49] .
RVF was historically restricted to the African continent, but a recent outbreak occurred on the Arabian Peninsula [43, [49] [50] [51] [52] [53] . In 2000, RVF virus caused two simultaneous outbreaks in Yemen and Saudi Arabia, mainly in the Tihamah region [50, 54] . On September 15, 2000, the US Centers for Disease Control and Prevention (CDC) isolated RVF virus from Saudi Arabia, and five days after the outbreak of Saudi Arabia, Yemen officially declared its first outbreak of RVF [15] . Saudi Arabia reported 882 human cases and 124 deaths. In Yemen, 1,328 cases and 166 deaths were reported [20, 51] .
The viruses from Saudi Arabia and Yemen were almost identical to those associated with earlier RVF epidemics in East Africa, and RNA sequences analysis showed similar phylogenetic relationships among these viruses [55] .
In Saudi Arabia and Yemen, the ecosystem structure of the RVF-affected Tihamah regions (western Rift Valley zone) is similar to that of the west floor of the Rift Valley in Ethiopia and Eritrea, across the Red Sea [14] . Recurrence of outbreaks is now documented in Egypt and the Arabian Peninsula [50] .
Furthermore, the isolated RFV viruses from the potential mosquito vector in Tihamah, A. vexans arabiensis, were closely related to the isolated strains in Madagascar and Kenya from 1991 to 1997. This finding suggests the transmission of the virus was from imported mosquitos or livestock from East Africa [52, 56] .
A recent seroepidemiological study in the southwestern regions of Saudi Arabia (Jizan, Asir, and Al-Qunfuda) revealed the lack of recent RVF activity among humans in the study areas since the outbreak of 2000 [57] .
Diagnosis and disease control challenges
Through the limited numbers of published data about the outbreaks of VHFs that occurred in the Tihamah region, this review addressed the real threat of those illnesses in the community, especially in the Arabian Peninsula. The first description of VHFs in Tihamah was in the last 19th century, and after the mid-1990s, the outbreaks of several VHFs appeared and drew special attention of health care providers from the entire world.
Most of those epidemics and epizootics were well characterized before their last introduction in the Arabian Peninsula except the Alkhurma virus, which is the only hemorrhagic fever virus isolated for the first time in the Arabian Peninsula.
Most of those outbreaks were in the African continent and mainly in the neighboring African horn countries (Somalia, Ethiopia, Djibouti, and Eritrea) and Sudan (Fig 1) . Furthermore, the southern part of the Arabian Peninsula (Bab el Mandeb) has a very close position to the African horn and a long story of animal trade and human movements. Tihamah is an entry gate for animal trade heading towards the other parts of the Arabian Peninsula [15] . Significantly, the recorded VHFs were arthropod-borne disease and mainly mosquito-borne diseases rather than tick-borne diseases, especially in Yemen.
Therefore, the early detection and diagnosis are mandatory to the control of hemorrhagic fever diseases in Tihamah.
Encompassing the spread of such diseases in a consistent community requires an active observation for signs of an outbreak, rapid declaration of its frequency, diagnosis, and identification of the causal agent, in addition to strategies and resources for an appropriate and efficient response.
Although the responses are often observed in terms of human and animal public health, there are also challenges limiting the control of these diseases in the region of Tihamah, especially, with the lack of vaccine and treatment.
Diagnosis may be delayed due to clinicians' unfamiliarity with these diseases and lack of widely available diagnostic tests, or even differential diagnosis reagents, in some health care institutions.
Moreover, the clinical microbiology and public health laboratories in Yemen are not currently equipped to make a rapid diagnosis of these viruses, and clinical specimens in a new outbreak need to be sent to the regional WHO office and the CDC.
Laboratory detection of viruses is based on the detection of viral antigen and IgM/IgG antibodies, usually by ELISA (which is not always available) or by other serological rapid tests. Indeed, this is not enough for the detection of viral genome and makes the isolation of new viruses either ambiguous or underestimated, like the case of Alkhurma virus. Additionally, Tihamah is an endemic area for several tropical illnesses, and the contributing symptoms may lead to misdiagnosis in complicated cases.
For VHFs that are spread by arthropod vectors, prevention efforts should focus on community-wide arthropod control, which poses a great challenge in Tihamah.
Yemen has the highest percentage of people living in poverty of all the Middle East/North African countries with high rates of neglected tropical diseases [58] .
In addition to poverty, political conflict in Yemen and associated breakdowns in public health and livestock control have contributed to the emergence of these infections. Furthermore, the most affected region (Tihamah) lies on the Red Sea coast with movement of refugees from and to the African horn [10] .
Moreover, the water insufficiency and lack of infrastructure in urban and rural areas require storage of water in water containers and tanks, which create a good environment for mosquitos [10, 32] . The sewers overflow in the port city of Hodeidah and electrical outages have aggravated the situation during the current war. Owing to all those factors, breeding sites of mosquitoes have increased, making the region a favorable habitat for their reproduction.
Worldwide, fumigation campaigns are very useful for controlling vectors; however, the most accessible mitigation in almost all Yemeni governorates is still based on mass spraying, while the distribution of vectors can be disturbingly more heterogeneous. Indoor residual spray (IRS) has been increasingly used and considered to be a potential alternative to mass spraying. The use of the IRS should be an essential part of the vector control strategies where this intervention is appropriate. According to the latest reports from the eDEWS in Yemen, residual fumigation campaigns have been recently adopted in some regions, including Hodeidah, but an extension of response is needed for a good prevention program [59] .
Likewise, in southwestern Saudi Arabia, several factors could lead to human infection with these viruses, including the lack of electricity, having livestock in the house, slaughtering animals, and contact with or transporting aborted and dead animals [57] .
Saudi Arabia annually hosts 2-3 million people from across the world for the pilgrimage (Hajj). The Hajj rituals require sacrifice of livestock (more than 10-15 million small ruminants annually), and their importation from other countries may contribute to the global spread of those pathogens [6, 11] .
Additionally, the widespread agricultural development in Tihamah, the use of modern irrigation technologies such as spate flow and rainfall, and the hot/humid weather in the area contribute to breeding sites for vectors, especially mosquitos. All these factors are thought to be the reasons for the emergence of VHFs in the region, threatening the new adjoining ecozones like Najran, Taiz, and other southern parts of the Arabian Peninsula, mainly in Yemen [14] .
Patients infected with VHF should receive supportive therapy, with special attention to maintaining fluid and electrolyte balance, circulatory volume, blood pressure, and treatment for complicating infections. This is not always possible in Yemen due to the inadequate health care infrastructure, especially in rural areas. Additionally, reporting of cases to health authorities is not always accurate and could be misleading.
The lack of community awareness due to illiteracy or inadequate education also represents a great problem in the affected region. Thus, emphasis on educating and empowering individuals and communities should be the first action considered in the fight against VHFs. The dissemination of information among health care professionals and within communities is also a critical for the achievement of these goals.
Better management of VHFs in Tihamah depends on the implementation of general strategies and policies at different levels.
At the individual level, scientists, researchers, and health care providers should build strong competencies to assess the needs of the community, find suitable solutions, and develop strategies for better response and control of VHF epidemics. Increasing the awareness and interactivity within the society and providing training on clinical management, diagnosis, and vector control at the local level with different collaborative centers are essential activities for the effective management and preventive action.
At the national level, there is an urgent need to reinforce the disease surveillance and notification system in collaboration with public health authorities to stimulate prompt public health action. The setup of sentinel surveillance centers could provide timely information on the disease situation, which serves as an indicator of the quality of the local preventive or therapeutic measures.
At the international level, health care agencies, organizations, and governments should strive for a deep understanding of those diseases. Collaboration between nations is the most effective strategy for overcoming challenges and enhancing public health surveillance in and between countries.
Key learning points
• Viral hemorrhagic fever (VHF) diseases and outbreaks in the region of Tihamah are considered a serious public health concern, threatening the life of humans and animals.
• The most circulating viruses in Tihamah are dengue, Rift Valley, Alkhurma, and Crimean-Congo hemorrhagic viruses.
• The geographic, climatic, and demographic features of Tihamah have an extreme impact on the epidemics of VHFs.
• The establishment of a sustainable and reliable disease surveillance system is very important for the control and prevention of those illnesses.
